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We investigate W' interpretations for the ATLAS 2 TeV diboson anomalies. The roles of the 
unitarity sum rules, which ensure the perturbativity of the longitudinal vector boson scattering 
amplitudes, are emphasized. We find the unitarity sum rules and the custodial symmetry are 
powerful enough to predict various nontrivial relations among WWZ', WZW', WWh, WW'h and 
ZZ'h coupling strengths in a model independent manner. We also perform surveys in the general 
parameter space of W' models and find the ATLAS 2 TeV diboson anomalies may be interpreted 
as a W' particle of the three site moose model, i.e., a Kaluza-Klein like particle in a deconstructed 
extra dimension model. It is also shown that the non standard-model-like Higgs boson is favored 
by the present data to interpret the ATLAS diboson anomalies as the consequences of the W' and 
Z' bosons. 

PACS numbers: 12.60.Cn,14.70.Pw,14.80.Rt 


I. INTRODUCTION 

Recently, the ATLAS Collaboration of the LHC ex¬ 
periment reported anomalies in their search for high- 
mass diboson ( WZ , WW or ZZ) resonances with boson- 
tagged jets at the diboson invariant mass 2 TeV [lj ■ W 
and Z bosons resulting from high-mass resonance are 
highly boosted, so each boson’s hadronic decay prod¬ 
ucts are reconstructed as a single fat jet J in this search. 
The reported local significances of anomalies are 3.4 cr, 
2.6 cr, and 2.9 cr for WZ -A JJ, WW -A JJ, and 
ZZ —> J J channels, respectively. If we explain the AT¬ 
LAS WZ —> JJ anomaly in the W' model, we need to 
introduce a narrow high-mass W' boson with Mw> = 2 
TeV, T w > < 100 GeV, and 

a(pp -> W'; Vs = 8 T eV)B W ’ (WZ) ~ 14 fb. (1.1) 

Note here the above cross section is the best fit value. 
A W’ particle with a little bit smaller production cross 
section may also be consistent with the ATLAS diboson 
anomaly. 

The CMS Collaboration also reported their results of 
search for high-mass diboson resonance in the same de¬ 
cay channel [2|. Although the CMS Collaboration re¬ 
ported a small excess around 1.8 TeV, at the resonance 
mass of 2 TeV, CMS only gives the upper limit on oB , 
cr(pp -> W'; y/s = 8 TeV)B w > (WZ) < 13 fb. The AT¬ 
LAS Collaboration also reported their search for high- 
mass diboson resonance X in the WV -J Ivqq decay 
channel [||. Here V stands for W or Z. The ATLAS 


* abetomo@post.kek.jp 
t nagai@eken.phys.nagoya-u.ac.jp 
J okawa@eken.phys.nagoya-u.ac.jp 
- tanabash@eken.phys. nagoya-u. ac. j p 


limit on gB in this decay channel is about 

cr(pp -A V; Vi = 8 TeV)R* (WV) < 10 fb, (1.2) 

for 2 TeV narrow resonance X. The limit (ED) causes 
a tension with the best fit value of the ATLAS diboson 
anomaly a(pp —> W')Bw' (WZ) ~ 14 fb. We use the 
value crB ~ 10 fb as a reference for our interpretation of 
the ATLAS diboson anomaly in this paper, though only 
70% of the ATLAS diboson excess can be explained with 
this cross section. 

The CMS Collaboration recently reported their search 
limit on the W' production in the W' —> Wh J J 
decay channel in Ref. [3]. Although the CMS Collab¬ 
oration found a small excess of event numbers around 
M\yi = 1.8TeV, they found rather severe upper limit for 
Mw’ = 2 TeV resonance, i.e., about cr(pp — > W'\yfs = 
8 T eV)Bw'(Wh) < 7 fb. As we will see later, this upper 
limit causes a severer tension with the ATLAS diboson 
anomaly. In Ref.(5j, the CMS Collaboration reported 
their search result for high-mass resonance W' in the de¬ 
cay channel W' —> Wh —> Ivbb. Again, they found an 
excess at Mw> — 1.8 TeV. 

After the ATLAS Collaboration reported the 2 TeV 
diboson anomalies [l], many studies of possible theoret¬ 
ical interpretations have appeared in the market I®. 
One of the biggest questions raised in these interpreta¬ 
tions is whether the ATLAS diboson anomaly at M = 2 
TeV is related with the CMS excesses at M = 1.8 TeV or 
not. Given the situation where the jet mass resolutions 
of ATLAS and CMS detectors are much better than 100 
GeV, it seems unlikely that the CMS 1.8 TeV excesses 
are directly related with the ATLAS 2 TeV anomalies, 
however. If this is not so, the next theoretical chal¬ 
lenge is to make viable models of W' explaining the AT¬ 
LAS diboson anomalies without causing conflicts with 
the CMS upper limit on the W' Wh decay channel, 
cr(pp W')B w ,(Wh) < 7 fb at M w , = 2 TeV. This 



2 


is a tough challenge, however, if we take the CMS 7 fb 
upper limit seriously. The Higgs boson is the SU{2) W 
partner of the would-be Nambu-Goldstone boson (NGB) 
in the Standard Model (SM). The equivalence theorem of 
the longitudinal W boson and the eaten would-be NGB 
amplitudes then suggests us a relation 

T w ,{WZ) = T w ,{Wh) (1.3) 

for sufficiently heavy W'. See, e.g, Ref. [Tsj for a typical 
W' model satisfying this relation (II. 31) . The relation (11.31) 
implies that the W' branching fraction to the Wh mode 
is identical to the W' branching fraction to WZ, i.e., 
Bw{WZ) = Bw{Wh). The CMS 7 fb upper limit on 
the Wh channel therefore gives an upper limit on a{pp —> 
W')B(WZ) < 7 fb. Less than only a half of the ATLAS 
diboson anomaly excess ~ 14 fb can be explained! 

Although this tension may be explained by a statis¬ 
tical fluctuation at the present stage, it is tempting to 
consider scenarios free from the relation Oil . In this 
paper, we point out that the relation m is true only 
if the couplings of the 125 GeV Higgs boson with WW 
and ZZ are same as the SM predictions. We investigate 
the relation (11.31) from the viewpoint of the perturbative 
unitarity of the longitudinal W and W' boson scatter¬ 
ing amplitudes. We derive a set of unitarity sum rules 
among coupling strengths of W' and W bosons, which 
should be satisfied in any perturbative model of W'. We 
then obtain a relation among the WZW' coupling, the 
WWh coupling, and the WhW' coupling by using these 
unitarity sum rules. We find that, if the 125 GeV Higgs 
is a non-SM Higgs boson, the relation m should be 
modified as 

KyT w , ( WZ) = T w , {Wh). (1.4) 

Here k v is defined as Ky = 9wwh/9wwh > with 9wwh 
and 9wwh = 9wMw being the WWh coupling strength 
and its corresponding SM value, respectively. The AT¬ 
LAS 2 TeV diboson anomalies may be consistent with 
the CMS limits on the Wh decay channel, if we consider 
a model with Ky < 1. 1 * 

Inspired by the unitarity sum rules and the custo¬ 
dial SU{ 2) symmetry arguments, we then introduce a 
parametrization of W' and Z' couplings, and survey the 
parameter space to find phenomenologically viable mod¬ 
els consistent with the existing limits on the W' and 
Z' particles. We then show that the three site moose 
model [l9j . a linear sigma model generalization of the 
three site Higgsless model ;2Gj, can explain the param¬ 
eter space consistent both with the ATLAS anomalies 
and with the existing limits on W' and Z'. Note that 
the three site Higgsless model is a deconstruction[21, |22[ 
version of the extra dimension Higgsless mo del [231] . The 
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gauge symmetry breaking structure of the three site 
moose model thus resembles the structure of extra di¬ 
mension models containing bulk weak gauge fields. The 
W' and Z' bosons in the three site moose model can 
therefore be regarded as the Kaluza-Klein (KK) modes 
of the weak gau ge bosons. We also note that, as empha¬ 
sized in Ref. [19| , the three site moose model implements 
a mechanism to adjust the Higgs signal strengths even 
with Ky < 1. 

This paper is organized as follows: In Sec. [Hi we de¬ 
rive a set of unitarity sum rules in a class of models with 
the custodial symmetry including arbitrary number of 
custodial SU{ 2) triplet vector bosons (W, W', W", • • ■) 
and neutral Higgs bosons {hi, / 12 , • • •). We obtain a re¬ 
lationship between the WW'h coupling and the WWh 
coupling by using the unitarity sum rules. We propose a 
parametrization for the W' and Z' couplings in a man¬ 
ner consistent with the perturbativity and the custodial 
symmetry in Sec. IIIII Surveys in the parameter space of 
W' and Z' models are presented in Sec. ED Sec. E| is 
devoted to the three site moose model. Summary and 
outlooks are presented in Sec. eh 

II. UNITARITY SUM RULES 

In order to keep the perturbative unitarity in the lon¬ 
gitudinal vector boson scattering amplitudes, in any per¬ 
turbative model, self-interaction coupling strengths of 
massive vector bosons need to satisfy a set of unitar¬ 
ity sum rules mil. Examples of such unitarity sum 
rules for a model including a tower of massive vector 
bosons (W, W', W", ■■■) are presented in Ref. [28] in the 
context of the deconstructed Higgsless theory. Unitar¬ 
ity sum rules in a model with W, W' and neutral Higgs 
bosons (hyjT. 2 , ■ ■ ■) are discussed in Ref. [l9|. See also 
Refs. [29H32[. In this section, we further generalize the 
unitarity sum rules of Ref. jl9| to obtain a relationship 
between WWh and WW'h couplings. 

A. General Sum Rules 

For simplicity, in this section, we consider the custodial 
SU{ 2) symmetry limit. Effects of the custodial symme¬ 
try violation arising from the weak hypercharge gauge 
coupling will be discussed later. The model we consider 
contains Ny custodial SU{2) triplet vector bosons (W? , 
a = 1,2,3, * = 0,1,-- - , Ny — 1) and Nh singlet Higgs 
bosons ( hi , i = 1,2, ■■■ ,Nh). In order to cancel the 
E 4 -behavior of the longitudinal Wj Wj —> Wk W/ scatter¬ 
ing amplitudes, quartic vector boson coupling strengths 
gWiWjWkWi need to satisfy 

gWi Wj Wk W e = ^2 9Wi Wj W m 9w k We W m , (H. 1) 

m 

with gWiWjWkWe being symmetric under the exchange of 
the indices i, j, k , £ (Bose symmetry). The triple vector 
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boson couplings also satisfy the Bose symmetry. Here we 
specified the quartic and triple vector couplings by using 
notations similar to Ref. [ljj. Using (III. Ill and the Bose 
symmetry of gWjWjW k w e , it is easy to see 

E g Wi Wj Wm 9w k W e W m = E gWj W k Wm gw-j We W m 

m m 

= E g Wi W e W m gw k Wj W m ■ 

m 

{ 11 . 2 ) 

Requiring the cancellation of the U 2 -behavior, we 
also obtain a sum rule which relates the Higgs coupling 
gWiWjh k with the vector boson self-interaction couplings, 


E gWi Wj h m gw k W e h m 

m 

= (MWj + Myy-j + Mw k + ^W l )gW i W j W k We 
— E Mw m 9Wi Wj Wm gw k We Wm 


-E M i 

m 

-EE 


Wm 9Wi W k Wrn 9Wj We W„. 


Wrn 9 W i We Wm gw k Wj Wm 


(II.3) 


Again we used notations similar to Ref. 0- We also 
obtain 

/ , -rj2- gwiWjW m gw k w e w„. 


= E M ! 


Wm 


M Wm 


-gWiWk Wm 9Wj We Wm 

+gwiW e w m gw k WjWm ) .(II.4) 


Note here that the RHS of (III. 31) is symmetric under the 
exchange of the indices i, j, k, l. We therefore obtain 


E 9WiWjhm9W k Wehm 
m 


E 9Wi W k hm 9Wj We hm 

m 

E 9Wi Wehm9W k Wjhm- 
m 


(II.5) 


B. Properties of W' 

We are now ready to discuss applications of the uni- 
tarity sum rules (III. ID . (III. 2D . (III. 3D . (III.dD and (III.5D . 

We first consider the sum rule which ensures the can¬ 
cellation of the £' 4 -behavior in the WW WW ampli¬ 
tude. Ea. dll.lD reads 

gwwww = 9www + 9www' ■ (II.6) 

We assume here that the sum rule is saturated only by 
W (= Wq) and W' (= Wi). Effects of possibly existing 


heavier resonances W" (= W%), ■■■, are assumed to be 
negligible. 

We should note that the sum rule (III.6D is incomplete 
below the energy scale E < Mw>, where the W' exchange 
term g^ww does not affect the WW —► WW ampli¬ 
tude. The longitudinal polarization of W gives a factor 
E/Mw in the amplitude for E Mw- For the energy 
scale Mw’>E Mw, the WW —> WW amplitude 

therefore behaves as 


E 4 


(gwwww — gwww) ■ 
m w 


(II.7) 


Requiring the amplitude is still in a perturbative 
regime [33j| at E = Mw >, we obtain a condition 


Mr, 


(gwwww — 9www) T 7 Z ~ 327t. (IF8) 

M w 


It is now easy to see that the gwww' coupling need to 
satisfy 


K 

tw 


W' < oo_ 

9www' ~ 6Z7T - 


Parametrizing the gwww' coupling 

t- Mw 

gwww = tygwww , T 2 i 
M w' 


(IF9) 


(IL10) 


the perturbativity condition (III.9D can be expressed as 
M < 15. (11.11) 


Here we used gwww — 0.65. In typical analyses of col¬ 
lider phenomenologies of W', the parameter is chosen 
to be £v — 1- Although this choice clearly satisfies the 
perturbativity condition (III. IIP , it is also possible to con¬ 
struct models with larger value of £y, e.g, £y ~ 5, still 
keeping the perturbativity condition (III.9D . 

We next consider the sum rule which ensures the can¬ 
cellation of the U 4 -behavior in the WW W'W' am¬ 
plitude, Eg. (III.2D . 

9ww'w + 9www' = gwww gwww + gwww gwww ■ 

( 11 . 12 ) 

Ea. dimi) can be regarded as a quadratic equation of 
gwww, 


o = gwww — gwww gwww 
+9www ~ gwww gwww ■ 

Plugging (III.10D into (III.13D . we obtain 

o = gwww ' gwww gwww 
+(Wwww^- 

m W' 

£ Ev 

—gwww gwww - 


Mw'' 


(11.13) 


(11.14) 
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Solving the quadratic equation (III. 141) in the M'l, 
Ml limit, we obtain two solutions 

gwww = gwww, (11.15) 


or 


gwww 


—ivgwww 


Mk. 

Ml, 


(11.16) 


We next turn to the properties of Higgs couplings 
gwwh m and gwwh m - Let us start with the E 2 sum rule 
for the WW —> WW amplitude. Using (III. 31) we obtain 


obtain 
^ gww'hm 

m 

= ( 2 Ml + 2Ml,) [gl w , w + glw'w] 

—2 [Mlgl w , w + Ml>gl w , w ] 

— [M w gwwwgww'w + M w ,g WWW fg w > W f W f^ 

= 2 Ml,gl ww , + 2 Mlgl w , w , 

- [-Mlgwwwgwww + Ml,gwwwgw'W'W'\ ■ 

( 11 . 22 ) 

We also obtain from (III. 41) 


gwwh m 

m 


AM w (g www + glww) 

—3Mlgl ww — 3 Ml,gl ww ,, 

(11.17) 


(Ml — Ml ,) 2 2 | (Ml Ml ,) 2 

772 9WW'W + 777 

lvl w 1V1 W' 

= Ml(gl w , w - gwwwgwww) 

+M w ,(g ww , W ' — gwww gwww), 


gwww 


(11.23) 


where CEB is also used to rewrite the quartic vector 
boson coupling strength gwwww in terms of gwww an d 
gwww'■ Plugging (HI. 101) into (III. 171) . we find 


gwwh m 

m 


Mlglww 


1-3# 


Ml 


Ml, 


(11.18) 


The Higgs boson coupling with the WW state is there¬ 
fore affected by the parameter and the W' boson 
mass. The roles of the unitarit y su m rule (III. 181) have 
been widely studied in Refs. [2914321 ]. 

The E 2 sum rules for the WW —> WW' amplitude can 
also be derived from (III.31) . 


^ gwwh m gww'hm 

m 

= (3 M w + M w ,) [gwwwgwww + gwwwgwww] 
—3 Mlgwwwgwww — ^Ml,gwww gwww 
= Mlgwwwgwww 

+(3 Ml - 2 Ml,)gwwwgwww ■ (11.19) 

Putting the parametrization of gwww (IH. 101) and one 
solution of gwww (HI. 151) into (III.191) . we obtain 

yy gwwh m gww'h m = —£,vMlgl ww 

m 

(11.20 ) 

If we put (III. 101) and the other solution of gwww (IH.16I) . 
we hnd 


M z 

1 + °(#) 
lvl w . 


which reads 


Mlgwwwgwww + M w , gwww 1 gwww 


(Ml-Ml,) 2 


i\/[2 \ 1V± W 1,1 W 

1U W ~ 


Ml' — 


Ml 


2 

9www 


{Ml — Ml,) 21 


Ml' 


gwww- (IL24) 


Note that the last line of (III.221) can be erased by using 
(III.241) . We now have 

'kh^WW'hm = T75 gwww + gwww- (H-25) 

1V1 W lvl w> 


It is now easy to show 

^ gww'hm = &MwHww 


M 2 

1 + ■ ( IL26 ) 

m W' J 


Combining (III.181) . (III. 201) and (III. 261) . we obtain an 
impressive sum rule 

— ^(gwwhm + tvgwwh m ) 2 = kgwww^i 7 ,2 )• 

W — 


M\ 


Similarly, using (III. 211) instead of (III.201) . we find 


w 

(11.27) 


y -^(gww'hm — £ vgwwhm ) 2 — kgwww^i 71 rO )■ 

m M W' 

(11.28) 


Ml 


For both cases, we obtain 


Y. gwwh m gwwh m — ivMlgl ww 

m 

( 11 . 21 ) 

For the WW —> W'W' scattering, not only (|II.3l) but 
also (III. 41) gives non-trivial sum rules. From (III. 31) . we 


1+ ° ( ^ 


W' . 


gww'h m = ±£v 


_ _ 1 _ „SM n( Mw , 

gwWh m ± 9wWh U \ ) 


. (11.29) 


We used here g^lh - gwwwM w ■ The Higgs ( h) cou¬ 
pling with WW' is therefore related with gwww’ and 
gwwh through the relation (HL291) in the large Mw< 
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limit. If the coupling of the 125 GeV Higgs boson (h) 
9wwh — ffwwhi we find uncertainty in (HI. 291) is 
about 4 % (= Mw/Mw') for Mw' = 2 TeV and there¬ 
fore is negligibly small. 

We note (III. 291) is a novel relation, which has not been 
pointed out in earlier references. The relation provides us 
further information for the W' boson properties beyond 
the widely studied WW —> WW sum rule (III. 181) . We 
emphasize that we provided the proof of (III.291) in models 
with arbitrary number of the neutral Higgs bosons. An¬ 
other remark is that the conclusion (III.291) is unchanged 
even if we consider models containing W" or higher KK 
resonances. The result (III. 291) can therefore be applied 
to a large class of perturbative models which include the 
W' particle and neutral Higgs bosons. 


III. UNITARITY INSPIRED 
PARAMETRIZATION FOR W' AND Z' 

In the previous section, we have shown that the cou¬ 
pling strengths of the W' boson can be controlled by 
the perturbative unitarity requirements in the custodial 
SU(2) symmetric model. Especially, we found 

M 2 

gwww = ivgwww , ~ 15, (HI.l) 

M W' 

and 


gzz'h = ihgwMzR, (III.6) 


with h being the 125 GeV Higgs boson. The requirement 
of the perturbative unitarity then leads to 




gwwh 

gwM w 


(HI-7) 


as we have shown in the previous section. It is now 
straightforward to show the relation m- The relation 
(IIII. 71) and therefore (11.41) should be regarded as one of 
the most important unitarity relations obtained in this 
paper. We are now able to describe the physics of W, 
W' and Higgs by using the two parameters (kv and £y), 
instead of the three (ny, £v and £/,). 

In order to study collider phenomenologies of W' and 
Z' particles, we need to specify the couplings of W' and 
Z' with quarks and leptons. In this paper we adopt an 
ansatz in which W' and Z' couple with weak current of 
quarks (leptons) with universal coupling strength £, q gw 
(&gw)- An example of model satisfying this ansatz will 
be introduced in Sec. 


IV. FIT TO THE ATLAS DIBOSON ANOMALY 

We are now ready to search the parameter region of 
£y, and & so as to explain the ATLAS 2 TeV diboson 
anomaly in W' models. As we discussed in Sec.Q] we use 


gwwh m = ±£,vgwwh m - (III.2) 

In this section, we consider effects of custodial 517(2) 
symmetry violation Mz ^ Mw , Mz 1 Mw>, requiring 
the high energy E 2 -behavior of the longitudinal W and 
Z boson scattering amplitudes are custodial 517(2) sym¬ 
metric. This requirement is justified because the weak 
hypercharge coupling (the origin of the custodial sym¬ 
metry violation) does not affect the E 2 -behavior in the 
amplitudes at the tree level. We find (IIII. II) needs to be 
modified as 2 


MwMz 

gwzw- — <ivgw , T 2 

M W' 

(HI-3) 

t Mw D 

gwwz' = Kvgw 

(III.4) 


with R(Mw'/Mz') being a function of Mw'/Mz' satis¬ 
fying i?(l) = 1. Here gw stands for the gauge coupling 
strength of the W boson. 

The Higgs couplings with the WW' and ZZ' states 
can also be parametrized by using the custodial SU (2) 
symmetry. We obtain 

gwwh = £h,gwM w , (III.5) 


2 The default value of the PYTHIA l34l implementation of the 
extended gauge model [77 corresponds to £y = Af 2 ^/A/j>- 


cr(pp -a- X)Bx(VV) ~ 10 fb, (IV. 1) 

x 

as a reference value to explain the ATLAS 2 TeV diboson 
anomaly. Here X is a narrow width new particle having 
2 TeV mass decaying to the VV states, with V being a 
weak gauge boson W or Z. The ATLAS Collaboration 
reported excesses not only in the WZ category, but also 
in the WW and ZZ categories. It has being claimed that 
there exist significant size of event contamination among 
WZ , WW and ZZ categories in the JJ events 13, 
however. We therefore evaluate 

^ a(pp ^ X)B x (VV) (IV.2) 

X=W’,Z ' 

for a degenerated W' and Z’ model {Mw> = Mz> = 2 
TeV), and 

a{pp -a W')Bw{WZ) (IV.3) 

for a non-degenerated model (Mz> > Mw = 2 TeV), 
and simply compare the number with the reference value 

(HY3D- 

In addition to crB , we also need to explain the narrow 
width of the new particle X , typically smaller than the 
bin size of the experiment [lj, 100 GeV. 

The model explaining the diboson anomaly need to 
be consistent with the existing limits on the W' and Z' 
bosons. Both ATLAS and CMS experiments report up¬ 
per limits on the production cross section of W' in its 

























6 


leptonic decay channels (37j. For 2 TeV W' boson 
search in pp collisions at yfs = 8 TeV, the limit is 

a{pp -A W’)B w , {tv) < 0.4 fb. (IV.4) 

Limits on the Z' —> e + e ~, are reported in Refs. j.38l. 

|39| . For Mz' = 2 TeV, these references give a limit 

a{pp -A Z')B Z '{i + r) < 0.2 fb. (IV.5) 

The LHC limits on the resonant dijet production can 
also be used to constrain W' models. Using the limits 
presented in Reis. RTj Fill . we see 

cr {pp -a X)B x {2j) < 100 fb, (IV.6) 

X=W',Z' 

for a degenerated Mw> = Mz> = 2 TeV model, and 

a{pp -A W')B W '{2j) < 100 fb, (IV.7) 


M z = M w ,= 2TeV, \t, \ = \t q \, t h = ± W 



for a non-degenerated model with Mw> = 2 TeV. 

Finally, the model needs to satisfy the limit on the 
W' —► Wh and Z' -A Zh decay modes. Here h stands for 
the 125 GeV Higgs particle. The limit quoted in Ref. Q 
is 

°(PP -± X)B x {Vh) < 7 fb, (IV.8) 

X=W',Z' 

for Mw> = Mz' = 2 TeV, and 

a{pp -A W')B W i {Wh) < 7 fb, (IV.9) 

for a non-degenerated model with Mw> = 2 TeV. 

Figure [T] shows these limits in the plane for 

Mz> = Mw' = 2 TeV. We assume quark-lepton universal 
coupling = |£ q | = |^| in this plot. We also assume the 
125 GeV Higgs coupling with WW' and ZZ' are given 
by 

= ±6g (IV. 10) 

which corresponds to Ky = 1 in the unitarity relation 
(IIII.7I) . The dijet limit (IIV.6I) is applied for the resonant 
production cross section of five flavor qq pairs. The W' 
and Z' particles are produced through their couplings 
with quarks in pp collisions at 8 TeV. The production 
cross sections are evaluated by using the CTEQ6L1 set 
of the parton distribution functions |42|. 

We see in this plot that the Higgs mode limit (IIV.8I) 
and the leptonic decay mode limit (1IV.4I) rule out huge 
parameter space. It is impossible to obtain the reference 
value of the cross section (IIV.1I) without causing conflicts 
with the Higgs mode limit (IIV.8I) under the Higgs cou¬ 
pling assumption (IIV.10I) . We are only able to achieve 
Sy =w' z' a (X)Bx{VV) ~ 7 fb at most. 

A similar plot for a leptophobic ^ = 0 model is 
shown in Figure [2] assuming the degenerated W' and Z\ 
Mz' = Mw' = 2 TeV . Again, the 125 GeV Higgs cou¬ 
pling is assumed to satisfy (IIV.10I) . Although the con¬ 
straints from the leptonic decay channels of W' and Z' 


FIG. 1: Limits on the W' and Z' couplings in the £/-£y 
plane for the degenerated M z i = M w i = 2 TeV model. £/ = 
|£q| = |&| and £h = ±£v are assumed. The darkgreen region, 
the lightblue region, and the gray region are excluded by the 
dijet mode limit (IIV.6I) . the £v mode (I IV. 41) . and Higgs mode 
(IIV.8I) . respectively. Although we do not show the limit from 
(IIV.5I) in the plot, it is numerically almost identical to the 
W' — > tv limit. The black solid curve, the black dashed curve, 
and the black dotted curve are for a{pp —> W')B w i{WZ) + 
a {pp — t Z')B z :{WW) = 15 fb, 10 fb, and 5 fb, respectively. 
The red solid curve, the red dashed curve, and the red dotted 
curve are for T w < = 80GeV, 50GeV, and 20 GeV, respectively. 
The width of Z' is almost equal to T w / thanks to the custodial 
symmetry. 

disappear in the leptophobic model, the limit on the Vh 
channel gives severe constraint on (IIV.2D . It is impossible 
to obtain the the reference value 10 fb in this setup. 

In order to explain the diboson excess without causing 
conflicts with the Higgs mode limit (IIV.8I) . we need to 
take smaller value of £/,. The unitarity relation (IIII. 71) 
suggests us such a value of ^ can be achieved only if 
we consider models with a non-SM like Higgs («y < 1). 
Figure [3] shows the plot with £h/£y = ±0.7, i.e., ny = 
0.7. The quark-lepton universal couplings £/ = |£ q | = 
|G| are assumed in the plot. The reference cross section 
value for the excess can be explained at, e.g., t;y ~ 4 and 
£/ ~ 0.23. Note that the choice of this parameter £y 
satisfies the perturbativity condition (III. 111) . 

We next consider the non-degenerated case, M z > > 
Mw 1 = 2 TeV. The Z' boson is assumed to be heavy 
enough to be separated from the 2 TeV resonance. The 
plot corresponding to this model is shown in Figure [I] 
Here £/ = |^| = |£ g | and £h/£v = ±0.7 are assumed. We 
find that the reference cross section value for the ATLAS 
diboson anomaly can be explained at, e.g., £,v — 4 and 
£/ ~ 0.28. 

A plot similar to Figures [T] [2j and [3] is also presented 
in Ref. [(J] in the context of the techni-p interpretation 
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Mz'— M w - 2TeV, £1 — 0, — ± 



FIG. 2: Plot similar to Figure [T] for leptophobic case £,t = 0, 
£/ = |£ 9 |. = ±£v is assumed. The darkgreen region, and 

the gray region are excluded by the dijet mode limit (IIV.6II . 
and Higgs mode (IIV.8II . respectively. The black solid curve, 
the black dashed curve, and the black dotted curve are for 
a(pp ->• W')B w ,(WZ) + a(pp ->• Z')B z /(WW) = 15 fb, 10 
fb, and 5 fb, respectively. The red solid curve, the red dashed 
curve, and the red dotted curve are for T w i = 80GeV, 50GeV, 
and 20 GeV, respectively. The width of Z' is almost equal to 
T w i thanks to the custodial symmetry. 


for the ATLAS diboson anomalies. The plot presented 
in the latest version of Ref. [f| seems to be consistent 
with our results. 


V. THREE SITE MOOSE MODEL 

So far, we have analyzed the unitarity sum rules and 
the interpretations of the LHC anomaly of the diboson 
resonance in terms of W' and Z' without writing an ex¬ 
plicit gauge invariant Lagrangian. 

In this section, we introduce the three site moose 
model 0 as an example to explain the ATLAS dibo¬ 
son excess in a perturbative manner. We are able to 
check explicitly that the unitarity sum rules are satisfied 
in the three site moose model. We also find that the pa¬ 
rameter region explaining the ATLAS diboson anomaly 
is naturally realized in this model. 

The three site moose model [0 was originally in¬ 
troduced as a deconstruction version of the Higgsless 
theory 0]. This model contains W' and Z' bosons as 
KK particles of electroweak gauge bosons. These KK 
particles are, at least partly, responsible for the unita- 
rization of the lon gitu dinal weak gauge boson scattering 
amplitudes 0, 43[ !4l|. After the LHC discovery of the 
125 GeV Higgs boson, the three site moose model was ex¬ 
tended to include the 125 GeV Higgs particle in Ref. 0. 


M r = M w = 2TeV, ] f, I = I f, I, = ± 0.7W 



FIG. 3: Plot similar to Figure [l] for £h/£v = ±0.7. = 

|£ 9 | = |^| is assumed. The darkgreen region, the lightblue 
region, and the gray region are excluded by the dijet mode 
limit (1IV.6I) . the lv mode (IIV. 41) . and Higgs mode (IIV.8I) . re¬ 
spectively. Although we do not show the limit from (I IV. 511 in 
the plot, it is numerically almost identical to the W' —> Iv 
limit. The black solid curve, the black dashed curve, and the 
black dotted curve are for a(pp — > W')B W j (WZ) + a(pp —>■ 
Z')B Z '{WW) = 15 fb, 10 fb, and 5 fb, respectively. The red 
solid curve, the red dashed curve, and the red dotted curve 
are for r w < = 80GeV, 50GeV, and 20 GeV, respectively. The 
width of Z' is almost equal to T w * thanks to the custodial 
symmetry. 

This model can be regarded as a benchmark model to 
study the phenomenologies of W' and Z' particles. 

The structure of gauge symmetry breaking in the 
three site moose model is illustrated in the “moose 
notation” [0 in Figure [5] In the three site moose 
model, we introduce SU (2 )wo x SU (2)wi x U (l)y 2 gauge 
groups. The line connecting the SU(2)wo group with 
the SU(2)wi group in the moose diagram represents bi¬ 
fundamental (2x2 matrix) Higgs field d>i, 

=Sil±ir a <, (V.l) 

with r a being the Pauli spin matrix. Similarly, the line 
between the SU(2)wi and U(\)y 2 gauge groups corre¬ 
sponds to the Higgs field d> 2 

d> 2 =S' 2 l±iT a 7 r“. (V.2) 

The covariant derivatives of and d> 2 are given by 
D^i = — igwi^iWi^, (V.3) 

D^2 = + igWlWi ll $2 — igY2®2 — Bfj,. (V.4) 

Here = W,o^, = W and B M are the 

gauge fields of SU(2)wo, SU(2)wi and U(1)y2- 






































M z . > M w .= 2TeV, I f, I = I |, = + 0.7^ 



FIG. 4: Plot similar to Figure [T] for non-degenerated model 
M z / > M w • = 2TeV with Ch/Cv = ±0.7. £/ = |£ g | = |^| 
is assumed. The darkgreen region, the lightblue region, and 
the gray region are excluded by the dijet mode limit (IIV.6II . 
the iv mode (IIV.4I) , and Higgs mode (1IV.9I) , respectively. The 
black solid curve, the black dashed curve, and the black dotted 
curve are for cr(pp —> W')B w i (W Z) = 15 fb, 10 fb, and 5 fb, 
respectively. The red solid curve, the red dashed curve, and 
the red dotted curve are for F w’ ~ 80GeV, 50GeV, and 20 
GeV, respectively. 


9w o 9w i 9y 2 



FIG. 5: The moose diagram for the three site model. The 
blank circles represent SU{ 2) gauge groups, with coupling 
strengths gwo and gw l, and the shaded circle is a U( 1) gauge 
group with coupling gy 2 - 

The Higgs field is assumed to acquire its vacuum 
expectation value (VEV), 

($ 1 ) = hh (V.5) 

which breaks the SU(2)wo x SU(2)wi into the diagonal 
subgroup SU( 2). Similarly, the SU(2)wi x U(1)y2 is 
broken to U( 1) thanks to the VEV of $ 2 , 

($ 2 ) = / 2 1. (V.6) 

Simultaneous existence of two VEVs /1 ^ 0 and / 2 /O 
therefore leads to the spontaneous symmetry breaking 
pattern 

(V.7) 


Diagonalizing the mass matrices of Wo^, Wi M and B M 
which arise from the Higgs kinetic term Lagrangian 

£ 3 itr [(£>„$!)!(£>**$,)] + I tr [(D M $ 2 ) t (^$ 2 )] , 

(V.8) 

we obtain mass eigenstates, W\ Z' (heavier massive 
charged and neutral vector bosons), W, Z (lighter mas¬ 
sive vector bosons), and a massless photon. 

The weak hypercharge gauge couplings of quarks and 
leptons are given by 

£ 3 — ^F.quark^M — lepton^' (V-9) 

As shown in Ref. [2(|, after the gauge symmetry break¬ 
ing, the weak currents of quarks and leptons can be 
“delocalized” with delocalization parameters x q and xt 
(0 < X q < 1, 0 < X t < 1), 

3 — 'Aviquark {QWqWq^I — Xq) + gwi^l^q) 

~ J W,lepton (dWoWo^l - Xt) + gwiW^Xt) . 

(V.10) 

We should emphasize here that the weak current 
of quarks and leptons couples with both SU(2)wo 
and SU[2)wi in Eg. (IV.101) . This phenomenon called 
“delocalization” is characteristic in extra dimension 
scenarios [46|, in which KK quarks and KK leptons exist. 
Similar phenomenon also realizes in the partial compos¬ 
iteness scenarios j47j in which the role of the KK fermions 
is played by the composite fermions. This is in contrast 
to the conventional G221 models (including right-handed 
SU(2) model), in which the weak current cannot be de¬ 
localized. 

The delocalization parameters x q and xt need to be 
flavor universal in order to avoid the flavor-changing- 
neutral-current constraints in the three site model [48| . 
The quark delocalization parameter x q can differ from 
the lepton parameter xt , however. The electroweak pre¬ 
cision constraints can be satisfied for heavy enough W' 
and Z'. Even with lighter Mw’ 1$ 1 TeV, we are able to 
suppress the Peskin-Takeuchi S-T parameters fill [50] if 
we choose the lepton delocalization parameter xt to the 
value determined by the “ideal delocalization” [5l|. As 
we will see later, the delocalization parameters x q and xt 
are related with the W' couplings with quarks and lep¬ 
tons £ q and ^t- Assuming the quark lepton universality 
of the W' coupling £ q = we are thus able to express 
the electroweak precision observable parameters in terms 
of £/ = |£ g | = |G|. In this section, we will also check 
whether or not the region in the £/-£y plane favored by 
the ATLAS diboson anomalies is consistent with the elec¬ 
troweak precision measurements. 

We have two neutral Higgs bosons in this model. One 
degree of freedom (hi) of neural Higgs arises from $ 1 , 
the other (/ 12 ) from <f> 2 - The charged and pseudoscalar 
components of 4>i and $ 2 , i.e., 7r“ and 7rf in (IV.II) and 
(IV.21) are all eaten by massive gauge bosons W, W', Z 


SU(2) wo x SU(2) W i x U(1)y2 ->• l/(l)em. 
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and Z'. The 125 GeV Higgs boson h is considered to be 
a mixture of hi and h 2l 

h = hi cos a + h 2 sina, (V.ll) 

where 

Si=fi+hi, S 2 = f 2 +h 2 . (V-12) 

We are now ready to discuss the ATLAS 2 TeV dibo¬ 
son anomaly in the three site moose model. There are 
three possible ways to obtain the hierarchy Mz >, Mw 1 = 
2 TeV Mz,M\y in this setup. One option is to take 
gwi 9w£h9Y2 with keeping the VEVs fi = f 2 at the 
weak scale. Collider phenomenologies in this option were 
studied 3 in detail in Ref. [58M60| . This limit is theoreti¬ 
cally interesting, because it can be regarded as an effec¬ 
tive theory of strongly interacting Higgs sector JM 
motivated by models of hidden local symmetry 

However, in order to realize 2 TeV Mw' with this op¬ 
tion, we need non-perturbatively strong gwi- Ref. [6| 
studies an interpretation of the ATLAS diboson anomaly 
with gwi gwo, <?Y 2 , introducing higher order operators 
to suppress the effective coupling of the heavy vector res¬ 
onance. We do not pursue this direction in this paper. 

Other options are to take /i f 2 or fi <C f 2 , keeping 
perturbative coupling constants gwo, gw l and gY2- In 
the subsections below, we will give our results of Mw ', 
Mz 1 , gwwz 1 , 9WZW' , gwwh and gww'h in these limits 
and check the unitarity sum rules explicitly in this model. 
We will also point out that the reciprocality between £/ 
and , suggested by the favored parameter regions of the 
ATLAS diboson anomaly fit, £v — 3 ~ 5, £/ ~ 0.2 ~ 0.3 
can be naturally realized in this setup. 


A- fi fi 

We start with the case fi 3> f 2 - In this case the 
SU(2)wo x SU(2)wi gauge symmetry is broken into the 
diagonal subgroup at the high energy scale fi, while the 
weak scale is given by f 2 . We thus obtain the masses of 
W’ and Z' in proportional to /i, 

Mw* ^ M%, ~ imJjw± /2. (v.i3) 

The weak SU(2) gauge group at the weak scale should 
be the diagonal subgroup of SU(2)wo x SU(2)wi, while 
the weak scale U( l)y is given by U(\)y 2 - The gauge 


3 Hadron collider phenomenologies of narrow spin-1 resonances in 
the technicolor models are studied in Refs. [52i l53l . The f\ = /2 
model is believed to be a low energy effective description of 
the technicolor models. See also Refs. [54145^1 for collider phe¬ 
nomenologies of techni-vector mesons in the low scale technicolor 
model. 


coupling strengths at the weak scale are therefore 

A y ,*'*, 1 . ( v . i 4 ) 

ywo “r yw i 

The masses of the W and Z bosons are given by 


M W - Ml =, 


(V.15) 


It is easy to check these formulas by an explicit diago- 
nalization of the mass matrices of the gauge fields Wo, 
Wi and R, which are given by the Higgs kinetic term 
Lagrangian (IV.8[) . We also obtain 


Ml - Ml, = (M% - Ml)O(^). 

m W' 


(V.16) 


The W' and Z' bosons are therefore highly degenerated 
in this setup. We next consider the WZW' and WWZ' 
couplings. Explicit calculation of the mass diagonaliza- 
tion matrices of neutral and charged gauge bosons leads 
to 


and 


gwzw' 


gwi M W M Z 

- 9W—T72 - 

gw o M w , 


(V.17) 


gwwz 1 


gw i Ml 

- 9WJ7T- 

gw o Ml 


(V.18) 


These results are perfectly consistent with our 
parametrization formulas (IIII.3I) and (IHI.dl) . Therefore 
these couplings satisfy the unitarity and the custodial 
symmetry. Comparing (IV. 171) . (IV. 181) with (IIII.3|) and 
(IIII.dD . we find £v in this model is given by 


£ v = 9wi ( V . 19 ) 

gw o 

We also obtain R = 1, consistent with the custodial sym¬ 
metry Mw' = Mz' ■ 

It is straightforward to calculate the Higgs couplings. 
We obtain 


gwwh — gwM w sin a, 

(V.20) 

9w l 

gww'h— gwMw sma, 

gw o 

(V.21) 

gzz’h— gwM z sma. 

gw o 

(V.22) 

Again, these results are consistent with our custodial 
svmmetrv formulas (1111.51) and (1111.61) and the result of 
the unitaritv sum rules (IIII.7D. The Darameter £h and &/ 
in this model are given by 

c 9wi . 

£ h = sma, 

gw o 

(V.23) 
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Ky = sina!. (V.24) 

We next calculate the W' and Z' couplings with the 
quarks and the leptons. We find that both the quark 
hypercharge current and the lepton hypercharge current 
couple with the Z' boson only with coefficients sup¬ 
pressed by (M§ — The couplings of W' and 

Z' with the quarks and the leptons are therefore consis¬ 
tent with the ansatz given in Section. IIIII The parameters 
£, q and £< are given by 


4 = 

9wo 

(l Xq Xq 

(V.25) 


gw i 

V 9woJ 


II 

9wq 

(, 9wi\ 

1 xt XU 2 ■ 

(V.26) 


gw i 

V 9woJ 


with x q , xg being the delocalization parameters for the 
quarks and the leptons. We note that, if the delocaliza¬ 
tion parameters are small enough x q < glo! 9wn and 
£,q (&) satisfy the relation 

< 1. (V.27) 


Note that this relation is consistent with our result 
presented in Section. El The three site model with 
gwo/gwi — 0-25 gives the reference value cross section 
for the ATLAS diboson anomalies without causing con¬ 
flicts with other limits on W' and Z' . The kv is smaller 
than unity in this model, however. We need to take care 
the consistency with the signal strengths in the Higgs 
production measurements as done in Ref. 0- 

The electroweak precision observable parameters are 
evaluated at the tree level as 

Mir . Mir 


s ~ 


w 




w ~ 


L w 

Mir, 


*/• 


(V.28) 


Here we used the notation of Ref, [691]. We assumed = 
|£ g | = |£y| and neglected terms suppressed by l/£y or 
in (|V.28j) . given the situation that £y — 3 ~ 4 and 
£f ~ 0.2 ~ 0.3 are favored in the fit for the ATLAS 
diboson anomalies. The analysis of Ref. [69| shows that 
S and W need to be smaller than a few permil in order to 
satisfy the electroweak precision constraints. Note that 
both S and W are suppressed by Ml/Ml, ~ 1.6 x 
10 -3 in (IV.281) and vanish in the ideal delocalization limit 
£/ = 0. Thanks to the suppression factor Ml/Ml,, the 
explanation of the ATLAS diboson anomaly is marginally 
consistent with the electroweak precision measurements 
at the tree level. 

There also exist order of a few permil loop corrections 
to the electroweak precision parameters. However, these 
loop corrections depends on the assumptions of the UV 
completion behind the fermion delocalization. For an ex¬ 
ample, the fermion delocalization can be UV-completed 
by introducing additional heavy fermions. The loop level 
corrections to the electroweak precision parameters de¬ 
pends on the mass spectrum of the heavy additional 
fermions. See, e.g., Ref. 0. Since we do not specify 
such a UV-completion in this paper, we do not consider 
loop level constraints any further. 


B. fi <S /2 

The case fa -C fa can be studied in a similar manner. 
In this case the SU(2)wi x U(1)y2 group is broken to 
U(1)y at the high energy scale fa, while the SU(2)wo x 
U(1)y is broken by fa at the weak scale. The masses of 
W' and Z' are therefore given by 

Mw’ — -^gwifi, (V.29) 



2 

W1 


+ 5V2)/I ■ 


(V.30) 


The Z' boson is heavier and can be separated from W' at 
the LHC experiments. The model in this limit therefore 
corresponds to the non-degenerated case in Section. ITVlof 
this paper. Since the weak hypercharge gauge boson at 
the weak scale is a mixture of the SU(2)wi and U(1)y2 
gauge bosons, the gauge coupling strengths at the weak 
scale are given by 


9wi9y2 


2 2 2 

9w — 9wo ’ 9y — 2 , 2 ’ 

9w l ' l_ 9y 2 

and we obtain the weak gauge boson mass, 


M, 


w 


^ 9w f 2 

- 4 


Mf~ 9 w +g Y fl 


(V.31) 


(V.32) 


The WZW', WWZ', WWh, WW'h , ZZ'h couplings 
are given by 


9wzw 


9wi 

- 9w 

gw o 


MwMz 

~M^~ 


(V.33) 


9wwz' 


gwi M l,. M w , 
gwo^ w Mfa M z > 1 


(V.34) 


gwwh — gwM w cos a, (V.35) 



9w l 

gww'h— gwM w cos a, 

gw o 

(V.36) 


9wi * r Mw> 
gzz'h— gwM z cos a, 

gw o M z > 

(V.37) 

which are consistent with our unitarity and custodial 
symmetry formulas (|1II.3|). (IIII. 41). (fill. 51). (IIII.6D. and 
(IIII.7I). The Darameters fv. £h.nv. and R are eiven bv 


w = 9W1 

gw o 

(V.38) 


t gw i 

t,h = - COS a 

gw o 

(V.39) 

































11 


and 


Ky = cos a, 


(V.40) 


R = 


Mr 

Mz> 


(V.41) 


The Z' boson does couple with the fermion hypercharge 
currents in this setup. Therefore the couplings of Z' 
with quarks and leptons cannot be parametrized by the 
parameters £ q and The Z' boson becomes heav¬ 
ier enough than Mw 1 = 2 TeV, however, and there¬ 
fore irrelevant in the explanation of the ATLAS diboson 
anomalies. In the phenomenological analysis, we there¬ 
fore use the parameters which describe the W' coupling 
with quarks and leptons, 


gw i 

Xq, 

gw o 

(V.42) 

gwi 

- Xt. 

(V.43) 


We find that the relatively small value of |£ 9 | ~ 0.3, which 
is favored by the W' constraints, is possible if we take 
x q ~ 9wo/9wi- 

We find a non-decoupling tree level correction 

S~- (V.44) 

which is not suppressed by in the /i <C fi 

model in contrast to the /i fi case. The constraint 
from the electroweak precision parameters is therefore 
much severer than the /i fi case in this setup. Again 
we assumed £/ = |£ g | = |^| and neglected terms sup¬ 
pressed by l/£,v ° r £/■ For £v — 3 ~ 5 and £/ ~ 
0.2 ~ 0.3, we find S ~ 0.1, clearly contradicting with the 
present experimental limit on S , namely IS"! ;$ 10~ 3 69j . 
The three site moose model with fi -C fi is therefore 
ruled out as an interpretation of the ATLAS diboson 
anomaly at least for the quark-lepton universal coupling 
case £q — . 


VI. SUMMARY 

In this paper, we have studied general structures of 
perturbative W' models from the viewpoint of unitar- 
ity sum rules and the custodial SU(2) symmetry. We 
found that the unitarity sum rules and the custodial sym¬ 
metry are powerful enough, to predict many relations 
among WWZ', WZW', WWh, WW'h and ZZ'h cou¬ 
pling strengths. Especially, we derived a novel relation 
(III. 291) from these sum rules, which can be applied to 
a large class of perturbative models including arbitrary 
numbers of the heavy vector triplet bosons and neutral 
Higgs bosons. Using these relations, we surveyed param¬ 
eter space of W' models to search for the region possible 


to explain the ATLAS 2 TeV diboson anomalies. If the 
CMS excesses at 1.8 TeV are not related with the AT¬ 
LAS 2 TeV anomalies, and if the 125 GeV Higgs boson 
is the SM-like Higgs boson, we found that the CMS up¬ 
per limit on the W' —>■ Wh channel at 2 TeV is hardly 
compatible with the ATLAS 2 TeV diboson anomalies, 
suggesting non SM-like properties of the 125 GeV Higgs 
boson. Based on the three site moose model Lagrangian, 
we then provided a couple of example models of non-SM 
like Higgs bosons, which may be able to explain the AT¬ 
LAS diboson anomalies. 

We emphasize that the three site moose model we used 
in this paper should be regarded merely as an example 
to illustrate the properties of models which may explain 
the ATLAS 2 TeV diboson anomalies. Models having 
similar properties (the non SM-like Higgs and the delo¬ 
calization of the fermion weak current) such as the extra 
dimension models, the partial compositeness models [47j. 
the top trian gle moose models |7ll 1721] . and the composite 
Higgs models [73H76I should be studied further. Note that 
the proof of the relation (III.291) we provided in this pa¬ 
per is directly applicable only in a category of perturba¬ 
tive models with the custodial symmetry containing arbi¬ 
trary numbers of heavy vector triplet and neutral Higgs 
bosons. Although this category of models already covers 
wide varieties of interesting models, there also exist phe¬ 
nomenologically viable models which do not belong to 
this category. It is particularly interesting to study the 
W' phenomenology in these non-perturbative models. 

Each of ATLAS and CMS experiments will accumulate 
~ 10 fb _1 luminosity within year 2015 run at y/s = 13 
TeV. If the ATLAS diboson anomalies are settled to exist 
in these LHC Run2 experiments, the next target is to 
clarify the properties of the 2 TeV diboson resonance. 
Especially, as we stressed in this paper, its Vh decay 
channel (V = W or Z) becomes important, since it can 
determine whether the 125 GeV Higgs particle is SM-like 
or not. 
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Note added LAS diboson anomalies had appeared E2 , in which the 

WW —l WW sum rule (III. 181) was used to constrain the 
After we sent our first version of manuscript to the WWh coupling. 
arXiv, a study on the unitarity implications for the AT- 
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